is determined by the state of palmitoylation of RPE65.
Figure 1. The Mammalian Visual Cycle
This represents a new role for palmitoylation as the role mitate . In the present study, the binding of retinoids to sRPE65 is measured by the fluoof this posttranslational modification is generally thought to be largely confined to membrane targeting rescence methodology already described . Figures 2A and 2B show data for the binding of (Milligan et al., 1995; Resh, 1999; Bijlmakers and Marsh, 2003) . It is also demonstrated here that the two forms all-trans-retinol and all-trans-retinyl palmitate to purified sRPE65. As shown in Figure 2A , the binding of all-transof RPE65 are interconverted by the LRAT-mediated palmitoylation of vitamin A/11-cis-retinol with mRPE65 as retinol to sRPE65 led to an exponential decay in protein fluorescence which followed a saturable binding isothe palmitoyl donor, revealing a further new role for palmitoylated proteins. The sRPE65 to mRPE65 convertherm and yielded an average K D ( Figure 2D ) for binding of approximately 65 nM ( Figure 2A2 ). Figure 2B shows sion provides a biochemical switch, which directs the flow of vitamin A to the IMH pathway and thus imposes data for the binding of all-trans-retinyl palmitate to sRPE65 with a similar exponential decay in protein fluoan element of control over the visual cycle. The system is regulated by the availability of the isomerization subrescence. This decay followed a saturable binding isotherm and yielded an average K D ( Figure 2D ) for binding strate (all-trans-retinyl esters) and product (11-cis-retinol). The formation of the product switches the system of approximately 1.2 M ( Figure 2B2 ). The binding data are compiled in Figure 2D and are compared to the off because it accepts a palmitoyl group from mRPE65 converting it into sRPE65. In this pathway, LRAT funcbinding of mRPE65. Figure 5B shows, 11-cisbovine mRPE65 and sRPE65. These samples were diretinol is actually a superior substrate in this palmitoylagested with trypsin and subjected to mass spectrotion reaction than is vitamin A. The palmitoylation of 11-scopic analysis ( Figures 3B and 3C) . The results show cis-retinol by mRPE65 provides a natural mechanism that mRPE65 is triply palmitoylated at positions C231, through which mRPE65 is turned over and control is C329, and C330. By comparison, the data also show exerted during the operation of the visual cycle because that sRPE65 appears not to be palmitoylated.
11-cis-retinol drives mRPE65 to sRPE65, effectively shutting down the pathway to chromophore biosynthesis. This is directly demonstrated in Figure the substrates for the IMH, which converts them into 11-cis-retinol ). An all-transThe subsequent rise of the specific activities of all-transretinyl palmitate and the fall in specific activities of allretinyl ester chaperone role for mRPE65 is required for mobilization of these esters. Regulation is not implicit trans-retinol at constant all-trans-retinyl palmitate levels reveals the equilibration of substrates ( Figure 4D ). The here because there is no molecular alteration of mRPE65 implied during the operation of the cycle. Several obsernext question to address is that of the functional significance of the mRPE65 to sRPE65 conversion.
vations reported here, however, bear on this issue and make it exceedingly likely that regulation is imposed on The issue at hand is whether the resultant depalmitoylated RPE65 (i.e., sRPE65) formed when mRPE65 is the visual cycle at the RPE65 stage. The salient facts with respect to invoking regulation treated with tLRAT and vitamin A shows retinoid binding at the level of RPE65 can be summarized as follows: (1) the opposite effect because they drive sRPE65 to mRPE65. mRPE65 and sRPE65 show different and complementary retinoid binding profiles. mRPE65 specifically binds The studies described above are primarily derived from in vitro experiments and it is reasonable to ask all-trans-retinyl esters and makes them available for IMH processing, while sRPE65 specifically binds vitamin A, how these studies would apply in vivo. A simple working model can be generated to synthesize the experimental making it available for LRAT. (2) The predominant form of RPE65 as isolated is sRPE65, and not mRPE65. (3) observations made here into an important regulatory element in the control of the visual cycle. Figure 6 shows mRPE65 and sRPE65 differ in their states of palmitoylation. (4) The reversible sRPE65 to mRPE65 interconverhow the regulatory elements described might direct the flow of retinoids in vision. In the dark, when formation sion is cooperative and catalyzed by LRAT so that small changes in the levels of mRPE65 will have a magnified of the visual chromophore 11-cis-retinal is not required, sRPE65 is expected to be the predominant form of effect on isomerization. (5) mRPE65 acts as a palmitoyl donor for 11-cis-retinol in the presence of LRAT, reveal-RPE65. The sRPE65 is generated by the palmitoylation of 11-cis-retinol by mRPE65, and perhaps also by the ing a dual role for mRPE65, as a retinoid binding protein and an acyl donor that limits isomerization by decreashydrolysis of mRPE65 by palmitoyl esterases activated in the dark. It is quite conceivable that G protein-coupled ing the levels of mRPE65; (6) all-trans-retinyl esters have as the acyl donor to form 11-cis-retinyl palmitate, the storage form of the chromophore, and sRPE65. This to mRPE65 conversion. This process is cooperative so that small changes in the concentration of mRPE65 will shuts the system down because the latter is a chaperone for vitamin A, not all-trans-retinyl esters, and is unable have large effects on the rate of processing of all-transretinyl esters and isomerization. The mRPE65 directs to facilitate IMH processing. Again, because of the cooperativity of the process, a small shift in concentration the flow of all-trans-retinyl esters to IMH, where it is processed to form 11-cis-retinol. Once the 11-cis-retinol of mRPE65 will have a large effect on the rate of 11-cisretinol synthesis. The palmitoylation of 11-cis-retinol by is formed, it can be partitioned directly into 11-cis-retinal, the chromophore of rhodopsin, by binding to mRPE65 also would explain the putative turnover of mRPE65 during the operation of the visual cycle, alcRALBP, with subsequent oxidation by 11-cis-retinol dehydrogenase (Saari, 2000) . This flow of chromophore though as suggested above, additional factors may also There is no doubt that in the case of RPE65 palmitoylation-mediated transition of would operate very simply: the rise in all-trans-retinyl ester levels facilitates chromophore biosynthesis besRPE65 to mRPE65, membrane targeting is an outcome. However, the studies reported here reveal two other cause mRPE65 is regenerated to direct retinoid flow to the IMH. The rise in 11-cis-retinol formation switches roles for palmitoylation. First, as mentioned above, palmitoylation alters the ligand binding specificity of the off the system because it drives the mRPE65 to sRPE65 conversion. It is already known that added 11-cis-retinol modified protein. Whether the palmitoyl group(s) of mRPE65 directly interacts with the all-trans-retinyl esis a powerful inhibitor of chromophore biosynthesis in vivo (Winston and Rando, 1998), and it is shown here ters, thus enhancing binding for these molecules through hydrophobic interactions, or whether palmitoylation in Figure 5A that this inhibition is at least in part due to the switch effect. Finally, it has been known for years causes a conformational change in the protein is currently unknown. Second, we also show that a palmitoylthat 11-cis-retinoid regeneration in the dark is a very sluggish affair, strongly suggesting a regulatory element ated protein (mRPE65) can function as a palmitoyl donor. Reversible palmitoylation is certainly known and in the process (Bridges, 1976 from Applied Biosystems. mRPE65 and sRPE65 were purified as spectrum EDTA-free protease inhibitor cocktail was obtained from described above. The gel band containing pure mRPE65 and Roche Biosciences. Nickel-NTA resin and Nickel-NTA spin column sRPE65 was dehydrated in acetonitrile for 10 min. Gel pieces were were purchased from Qiagen Inc. The precast gels (4%-20%) for covered with dithiothreitol (10 mM) in ammonium bicarbonate (100 sodium dodecylsulfate-polyacrlyamide gel electrophoresis, BenchmM) to reduce the proteins for 1 hr at 56ЊC. After cooling to room Mark prestained, and Magic molecular weight markers were from temperature, the reducing buffer was removed. The gel washing/ Invitrogen. DEAE Sepharose was from Amersham Biosciences. Buffdehydration cycle was repeated three times with ammonium bicarers were changed by dialysis in the request buffer overnight in a bonate/acetonitrile before trypsin (12.5 ng/l, 5 l/mm 2 gel, overslide-a-lyser cassette from Pierce (10 KDa MWCO). RPE65 solunight) digestion at 37ЊC. Gel slices were centrifuged and the supertions were concentrated with an Amicon Ultra centrifugal filtration natant was collected. Peptides were further extracted by one device (30 Kda cutoff) from Millipore Corp. All reagents were analytichange of 20 mM ammonium bicarbonate and three changes 50% cal grade unless specified otherwise.
acetonitrile (20 min between changes) at 25ЊC. ␣-Cyano-4-hydroxycinnamic acid (0.5 l, 10 mg/ml) was used as the matrix for each Purification of mRPE65, sRPE65, and rHRPE65 sample (0.5 l). Samples were run in the reflector mode with 20000V Purification was performed as described before (Ma et al., 2001) .
of accelerating voltage and 200 ns of extraction delay time. The laser The purities of these proteins were verified by silver staining or intensity was 1900-2300, and 100-200 laser shots were collected for Coomassie staining and Western blot (1:4000 primary antibodyeach spectrum. The acquisition mass range was 750-4500 Da with 1 hr at room temperature and 1:4000 secondary antibody-0.5 hr a 600 Da low mass gate. at room temperature).
Effect of sRPE65 on tLRAT-Mediated Esterification
The activity of LRAT was determined by monitoring the formation Fluorescence Binding Assays RPE65 in PBS, 1% CHAPS, pH 7.4 was used in the fluorometric of tLRAT-catalyzed retinyl esters from added all-trans-retinol [11,12-3 H 2 ] sRPE65 and/or DPPC/dodecyl maltoside. In all of the studies titration studies. Protein concentrations were measured by a modified Lowry method (Lowry et al., 1951) . All titrations were performed reported here, truncated LRAT (tLRAT) is used (Jahng et al., 2003b ).
